Although over 200 pathogenic mitochondrial DNA (mtDNA) mutations have been reported to date, determining the genetic aetiology of many cases of mitochondrial disease is still not straightforward. Here, we describe the investigations undertaken to uncover the underlying molecular defect(s) in two unrelated Caucasian patients with suspected mtDNA disease, who presented with similar symptoms of myopathy, deafness, neurodevelopmental delay, epilepsy, marked fatigue and, in one case, retinal degeneration. Histochemical and biochemical evidence of mitochondrial respiratory chain deficiency was observed in the patient muscle biopsies and both patients were discovered to harbour a novel heteroplasmic mitochondrial tRNA (mt-tRNA) Ser(AGY) (MTTS2) mutation (m.12264C4T and m.12261T4C, respectively). Clear segregation of the m.12261T4C mutation with the biochemical defect, as demonstrated by single-fibre radioactive RFLP, confirmed the pathogenicity of this novel variant in patient 2. However, unusually high levels of m.12264C4T mutation within both COX-positive (98.4 ± 1.5%) and COX-deficient (98.2 ±2.1%) fibres in patient 1 necessitated further functional investigations to prove its pathogenicity. Northern blot analysis demonstrated the detrimental effect of the m.12264C4T mutation on mt-tRNA Ser(AGY) stability, ultimately resulting in decreased steady-state levels of fully assembled complexes I and IV, as shown by blue-native polyacrylamide gel electrophoresis. Our findings expand the spectrum of pathogenic mutations associated with the MTTS2 gene and highlight MTTS2 mutations as an important cause of retinal and syndromic auditory impairment.
INTRODUCTION
Mitochondrial DNA (mtDNA) mutations are estimated to affect at least 1 in 10 000 people in the UK 1 and more than 200 pathogenic mtDNA mutations have been reported to date (MITOMAP: A Human Mitochondrial Genome Database, http://www.mitomap.org/ MITOMAP). These mutations are located across the 37 genes of the mitochondrial genome; however, the vast majority reside in just 5-10% of the mtDNA, in the 22 mitochondrial tRNA (mt-tRNA) genes.
Mt-tRNA mutations are associated with a wide range of clinical disorders, from multisystemic syndromes including MERRF (myoclonic epilepsy and ragged-red fibres) and MELAS (mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes) to isolated organ-specific diseases such as deafness, retinopathy, myopathy or cardiomyopathy. 2, 3 Mutations are unevenly distributed across the MTT genes, with over a third residing in just three of these genes: MTTL1, MTTI and MTTK. In contrast, MTTS2 represents one of the least affected mt-tRNA genes. To date, only two MTTS2 mutations have been reported, for which sufficient evidence exists to support their classification as 'definitely pathogenic' according to recently revised canonical criteria. 4, 5 These mutations are m.12258C4A, which can lead to progressive deafness and either diabetes mellitus 6 or retinitis pigmentosa, 7 and m.12262C4A, which has been shown to cause progressive mitochondrial myopathy, deafness and sporadic seizures. 8 A further three MTTS2 mutations have been described: m.12207G4A, which is associated with a MELAS-like phenotype, 9 m.12236G4A, which is linked to non-syndromic hearing impairment, 10 and m.12246C4A, which is associated with chronic intestinal pseudo-obstruction with myopathy and ophthalmoplegia. 11 However, due to a lack of functional investigations (eg, single-fibre analysis, trans-mitochondrial cybrid studies), their pathogenicity has not yet been unequivocally proven.
Here, we report on two novel aminoacyl acceptor stem MTTS2 mutations that have been identified in two unrelated Caucasian patients, both displaying symptoms of myopathy, deafness, neurodevelopmental delay, epilepsy, marked fatigue and, in one case, retinitis pigmentosa. The histochemical, biochemical and molecular genetic data confirming the pathogenicity of these novel mtDNA substitutions are described.
MATERIALS AND METHODS

Case reports
This study had the relevant institutional ethical approval and complied with the Declaration of Helsinki. Patient 1. Patient 1 is the first child of healthy, non-consanguineous Caucasian parents and was born following a normal pregnancy and delivery. Although early neurodevelopment was thought to be normal, by 12 months she was exhibiting signs of psychomotor retardation. Independent walking was delayed until 24 months and her gait remains unsteady. A mild, progressive generalised myopathy was associated with profound fatigue. Early signs of language acquisition were not sustained and she gradually lost speech. Feeding difficulties and failure to thrive were prominent early features, only partly resolved by the insertion of a gastrostomy, and she remains short and thin (42.5 SD below mean for height and weight). A diagnosis of atypical autism with severe learning difficulties was made at the age of 4 years when cranial MRI was reported as normal. Epilepsy, in the form of absence seizures, developed later at age 10 years, when sensorineural hearing impairment was also noted.
Patient 2. Patient 2 was born to non-consanguineous Caucasian parents and although pregnancy had been complicated by polyhydramnios, the delivery, at 41 weeks gestation, was normal. A pectus excavatum was noted during an early examination, but no other abnormalities were identified. By 5 years, dysmorphic features including neck webbing and micrognathia were evident, suggesting Noonan syndrome, along with significant psychomotor delay and learning difficulties. The patient developed a sensorineural hearing loss and was deaf by age 11 years. The first of many complex partial seizures occurred at age 10 years and had been preceded by 12 months of staring spells; an electroencephalogram confirmed a diagnosis of epilepsy, but cranial MRI was normal. Although there were no feeding difficulties, height and weight remained below the 5th percentile. A progressively severe proximal myopathy was associated with decreased muscle bulk and marked fatigue following minimal exertion. Balance appeared poor, but Romberg's test was negative and there was no upper-limb dysmetria. Cardiac evaluation revealed occasional ectopic beats and abnormal T waves on ECG, but no evidence of cardiomyopathy. Eye examination identified reduced visual acuity, pale optic discs and a mottled pigmentary retinopathy. The patient complained of light sensitivity, but not of night blindness. Electroretinogram demonstrated severe photoreceptor dysfunction. At 29 years of age, bilateral dense cataracts caused further visual obscuration necessitating surgery. The patient's mother also had pectus excavatum, progressive exercise intolerance, migraine and night-blindness with pigmentary retinopathy. Two sisters had poor night vision and hypothyroidism, while a brother had pectus excavatum but no other abnormalities.
Mitochondrial ATP production, respiratory chain enzyme activities and morphological analysis Tibialis anterior muscle specimens were obtained from patient 1 in 1999 and 2009, at 3 and 13 years of age, respectively, using a percutaneous conchotome biopsy procedure. Mitochondrial ATP production rate (MAPR) and respiratory chain enzyme activities were determined from isolated mitochondria as previously described. 12 Standard techniques were applied for routine and enzyme histochemical staining of cryostat sections 13 and for electron microscopy. 14 Respiratory chain activities in isolated mitochondria from vastus lateralis muscle from patient 2 were measured as described previously. 15, 16 Cell culture Cultured skin fibroblasts from patient 1 and her mother were maintained as previously described. 17 
Nucleic acid extraction
Total DNA was extracted from skeletal muscle, blood, cultured skin fibroblasts and urine and buccal epithelia by standard procedures. Total DNA from individual COX-deficient and COX-positive muscle fibres, isolated by lasermicrocapture, was obtained as described elsewhere. 18 Total RNA was extracted from cultured primary skin fibroblasts with Trizol reagent (Life Technologies, Paisley, UK) according to manufacturer's instructions.
MtDNA sequencing
The entire mtDNA sequence was determined from total DNA isolated from fibroblasts from patient 1 and from skeletal muscle from patient 2. MtDNA was amplified by PCR in 28 (patient 1) or 36 (patient 2) overlapping M13-tailed fragments and amplicons were sequenced with BigDye Terminator cycle sequencing chemistries (Applied Biosystems, Warrington, UK) as described previously (Taylor et al 19 and Tuppen et al, 20 respectively). Sequence data were compared with the revised Cambridge reference sequence for human mtDNA (GenBank NC_012920.1).
Last hot cycle PCR restriction fragment length polymorphism analysis (PCR-RFLP)
Levels of mutant m.12261T4C and m.12264C4T mtDNA were determined by last hot cycle PCR-RFLP as previously described 17 with the modifications detailed in Table 1 . Levels of mutant mtDNA were calculated as a percentage of total mtDNA.
High-resolution northern blot analysis
High-resolution northern blot analysis of total fibroblast RNA (1-3 mg) or synthetic in vitro transcribed mt-tRNA Ser(AGY) (100pg) was performed as previously described. 17 Human mt-tRNA Leu(UUR) and mt-tRNA Ser(AGY) probes were generated using the primer pairs L3200 (nucleotide positions 3200-3219) 5¢-TATACCCACACCCACCCAAG-3¢ and H3353 (3353-3334) 5¢-GCGATT AGAATGGGTACAAT-3¢, and M13-tailed L12201 (12 201-12 223) 5¢-tgtaaaa cgacggccagtTTTACCGAGAAAGCTCACAAGA-3¢ and M13-tailed H12270 (12 270-12 248) 5¢-caggaaacagctatgaccAAAGTTGAGAAAGCCATGTTGTT-3¢ (M13-tails shown in lower case), respectively. The radioactive signal of the mt-tRNA Ser(AGY) probe was normalised to that of the mt-tRNA Leu(UUR) probe for each sample and ratios were expressed relative to an age-matched control.
Synthetic vector cloning
Template plasmids were constructed for m.12264C4T mutant and wild-type human MTTS2 using synthetic DNA fragments containing the class III promoter of the T7 RNA polymerase directly upstream of the mt-tRNA Ser(AGY) gene. These were synthesised by PCR using two overlapping primers; the forward primer 5¢-TAATACGACTCACTATAGAGAAAGCTCACAAGAACTGC TAACTCATGCCCCC-3¢ paired with either the wild-type or mutant reverse primer 5¢-TG/AAGAAAGCCATGTTGTTAGACATGGGGGCATGAGTTAGCA GT-3¢ (sequence differences are highlighted in bold: wild-type/mutant). These synthetic DNAs were cloned into the Srf I restriction site in the pPCR-Script Amp SK(+) cloning vector (Stratagene, Stockport, UK). Amplification of the ligated vector was achieved by transformation of XL10-Gold Kan ultracompetent cells. Plasmid DNA was extracted using the QIAprep Spin Miniprep kit (Qiagen, Crawley, UK) and sequenced using universal M13 primers.
In vitro transcription
Templates for T7 RNA polymerase transcription were generated from the extracted plasmid DNA by PCR, using the forward primer, 5¢-TAATACGACT CACTATAGAGAAAGC-3¢, paired with one of the following reverse primers: wild-type with (bold)/without 3¢-CCA, 5¢-TGG/TGAGAAAGCCATGTTGTTA GAC-3¢, or mutant with (bold)/without 3¢-CCA, 5¢-TGG/TAAGAAAGCCA TGTTGTTAGAC-3¢. In vitro transcription was performed using the Ambion Megascript 7 kit according to the manufacturer's protocol.
Blue native-polyacrylamide gel electrophoresis (BN-PAGE)
Mitochondria isolated from the 2009 patient 1 muscle biopsy were analysed by BN-PAGE. Briefly, 20 mg mitochondria were pelleted, resuspended in 23 ml N-dodecyl b-D-maltoside buffer (1% N-dodecyl b-D-maltoside, 1.5 M 6-aminocaproic acid, 7 mM Bis-Tris, 2 mM EDTA, pH 7.0) and incubated for 15 min on ice. Following centrifugation at 20 000 g for 10 min at 41C, supernatants were mixed with 7 ml sample buffer (750 mM 6-aminocaproic acid, 5% Coomassie Blue G250) and loaded onto a 5-15% gradient BN gel. Gel preparation and electrophoresis were carried out as described. 21 Novel mitochondrial mt-tRNA Ser(AGY) mutations HAL Tuppen et al
Statistical analysis
Statistically significant differences in mutant mtDNA levels between COX-positive and COX-deficient muscle fibres were determined by the non-parametric Mann-Whitney U test. A P-valuer0.05 was considered statistically significant. 
RESULTS
Histochemistry and histology
Biochemical results
Respiratory chain enzyme analysis of mitochondria isolated from the 2009 muscle biopsy sample from patient 1 revealed a marked reduction in the activities of complexes I and IV, with near normal activity of complex II (Figure 2a) . A two-fold increase in citrate synthase activity suggests mitochondrial proliferation (Figure 2b) . A substantial decrease in ATP production was noted for almost all substrates tested, most evidently with the complex I-dependent substrate combinations glutamate+malate and pyruvate+malate (Figure 2c ). Interestingly, with succinate alone, a higher than normal MAPR was measured, a pattern previously observed in patients with isolated complex I deficiency. 22 A biopsy from the patient's mother showed normal respiratory chain biochemistry results (data not shown). Biochemical analysis of patient 2 muscle mitochondria revealed a mild, isolated complex I deficiency (Figure 2d ).
Molecular genetic investigations
Complete sequencing of the mitochondrial genome in fibroblasts (patient 1) or skeletal muscle (patient 2) revealed novel substitutions within the MTTS2 gene in each patient, namely m.12264C4T (patient 1) and m.12261T4C (patient 2) (Figure 3a) . Both transitions reside at wellconserved positions in the aminoacyl acceptor stem of mt-tRNA Ser(AGY) and disrupt Watson-Crick base-pairings (Figures 3b and c) .
Quantitative analysis of the m.12264C4T and m.12261T4C substitutions In order to ascertain the pathogenicity of the novel sequence variants, the levels of the m.12264C4T and m.12261T4C transitions were assessed by last hot cycle PCR-RFLP analysis in multiple tissues from patients 1 and 2 and their maternal ancestors. Mutant mtDNA levels were also measured in blood from patient 2's siblings. Very high levels of the m.12264C4T substitution (Z93%) were observed in patient 1 blood, urine and cultured skin fibroblasts, with near homoplasmic levels in skeletal muscle (Figure 4a ). Single-fibre analyses surprisingly showed markedly high levels of mutant m.12664C4T mtDNA in both COX-positive (98.4±1.5%; n¼11) and COX-deficient fibres (98.2± 2.1%; n¼11) (Figure 4b ). Lower levels of mutant mtDNA, ranging from 9 to 36%, were found in tissues from the patient's mother (Figure 4a ). Assessment of tissues from patient 2 revealed high levels of mutant m.12261T4C mtDNA in skeletal muscle (94%) but lower levels in urine (78%), buccal epithelial cells (15%) and blood (13%) (Figure 4c ). Single-fibre analyses confirmed segregation of the substitution with the biochemical defect as significantly (Po0.0006, Mann-Whitney U test) higher levels of the m.12261T4C mutation were detected in COX-deficient fibres (97.1 ± 1.1%; n¼10) relative to COX-positive fibres (85.8 ± 16.6%; n¼11) (Figure 4d ). Urine, buccal and blood samples from the patient's mother and maternal grandmother exhibited very low levels of the m.12261T4C transition, o3% (Figure 4c ). No evidence of mutant mtDNA was detected in blood from patient 2's two brothers and two sisters (data not shown).
Functional investigations of the m.12264C4T substitution
In view of the near homoplasmic levels of the m.12264C4T transition in patient 1, functional consequences of the MTTS2 substitution were also investigated. Firstly, the steady-state levels of the mt-tRNA were assessed by high-resolution northern blot in cultured skin fibroblasts from the patient and her mother. Following standardisation to mt-tRNA Leu(UUR) levels, a 70% reduction in mature mt-tRNASer(AGY) steady-state levels was determined in the patient's cells relative to age-matched controls (Figure 5a ). Interestingly, a seemingly smaller subspecies of mt-tRNA Ser(AGY) was also detected in the patient's cells. Comparison with in vitro synthesised mt-tRNA Ser(AGY) molecules with and without 3¢-CCA confirmed the subspecies was not an immature form of the mt-tRNA (Figure 5b ). Further investigation of the identity of the mt-tRNA Ser(AGY) subspecies by tRNA circularisation and cloning failed to characterise this smaller molecule (data not shown). Neither a change in mt-tRNA Ser(AGY) steady-state levels nor a smaller subspecies were observed in the maternal fibroblasts.
Secondly, the expression and assembly of the mitochondrial OXPHOS complexes were assessed by 1D Blue-Native PAGE of isolated mitochondria from patient 1 muscle. A marked decrease in the amount of fully-assembled complex I was noted, as well as a less severe depletion in complex IV levels (Figure 5c ).
DISCUSSION
We describe two unrelated Caucasian patients, both underweight and of short stature, who presented with similar symptoms of myopathy, deafness, neurodevelopmental delay, epilepsy, marked fatigue and, in one case, retinitis pigmentosa, a form of genetic retinal degeneration or dystrophy. A suspected underlying mitochondrial respiratory chain disorder in each case was confirmed by the demonstration of OXPHOS defects in skeletal muscle biopsies, and primary mtDNA aetiologies were indicated by mosaic patterns of COX/SDH histochemical staining. Whole mitochondrial genome sequencing revealed two closely-residing novel substitutions within the aminoacyl acceptor stem of the MTTS2 gene.
To be considered pathogenic, mt-tRNA mutations must fulfil a number of accepted criteria. 4, 5, 23, 24 Accordingly, neither the m.12264C4T nor the m.12261T4C sequence variants are recognised polymorphisms, both are located at well-conserved positions within the mt-tRNA Ser(AGY) aminoacyl acceptor stem and both are predicted to disrupt Watson-Crick base pairings at these sites with structural and subsequent functional implications for the affected mt-tRNA. Furthermore, last hot cycle PCR-RFLP analyses have demonstrated the two transitions to be heteroplasmic across a range of tissues and have highlighted a clear segregation of the substitutions with the disease in the two families. An additional critical indicator of pathogenicity for heteroplasmic mt-tRNA mutations is segregation of the mutation with the biochemical defect. 4 Single-fibre analysis of muscle from patient 2 revealed a significant association between m.12261T4C mutant load and COX-deficiency and application of the recently revised canonical pathogenicity scoring system to m.12261T4C confirmed the mutation to be 'definitely pathogenic' , with a score of 13 out of a possible 20 points. 5 In contrast, near homoplasmic levels of the m.12264C4T substitution were found in both COX-positive and COX-deficient fibres from patient 1, and on the basis of these findings the variant could only be classed as 'possibly pathogenic' (score: 10/20). Further investigations of the functional effects of this transition on mt-tRNA Ser(AGY) were therefore warranted 24 and the observation of a substantial reduction in steady-state levels of the affected mt-tRNA provided the necessary evidence for definite pathogenicity, as confirmed by a revised score of 15/20. 5 Blue-Native PAGE analysis of skeletal muscle from patient 1 provided further insight into the potential functional consequences of the m.12264C4T mutation. Decreased levels of fully assembled complexes I and IV imply the mutation may impair mitochondrial protein synthesis. A reduction in mt-tRNA Ser(AGY) steady-state levels and the concomitant observation of a possible mt-tRNA Ser(AGY) subspecies by northern blot analysis suggest the m.12264C4T mutation may achieve this effect by destabilising the molecule, thereby targeting the mutated mt-tRNA for premature degradation or preventing correct 5¢-and/or 3¢-end processing of the molecule. In the event of the mutation impacting mt-tRNA maturation, an effect more profound than impairment of the 3¢-CCA tail addition might be expected, given the estimated 10 nucleotide size difference between the mature mt-tRNA Ser(AGY) and the observed smaller molecule. Two mutations have previously been reported at nucleotide position 72 of MTTL1 (m.3303C4T) and MTTK (m.8363G4A). However, the varied functional consequences of these two mutations (m.3303C4T: reduced 3¢-end processing and CCA addition 25 but no impact on aminoacylation; 26 m.8363G4A: unaffected mt-tRNA stability but impaired aminoacylation and de novo mitochondrial protein synthesis 27 ) preclude us from extrapolating to the mutation reported here. Thus, further investigations will be necessary in order to fully understand the functional significance of the m.12264C4T mutation.
Observations of extremely high threshold levels for heteroplasmic mt-tRNA mutations are not usual and reports of mt-tRNA mutations reaching near homoplasmy within one generation are also not common, although we have previously described the rapid segregation of the MTTE m.14709T4C mutation to near universal tissue homoplasmy in three separate members of the same family, 28 undoubtedly a result of an unfortunate segregation of affected mtDNA during oogenesis or early development. Mosaic patterns of COX-deficiency have previously been reported for pathogenic homoplasmic mt-tRNA mutations 29, 30 and their phenotypic expression is considered to be dependent on a complex interaction with environmental and/or nuclear genetic factors. 31, 32 The m.12264C4T mutation is obviously mild in nature and must require accumulation to near homoplasmic levels before a disruption of the electron transport is observed. Furthermore, factors such as fibre type and/or absolute wild-type mtDNA copy number may also be explanations for heterogeneous COX activity in skeletal muscle.
Four different 'definitely pathogenic' MTTS2 mutations, including the two described here, have now been reported. [6] [7] [8] Interestingly, all four (m.12258C4A, m.12261T4C, m.12262C4A and m.12264C4T) are located within the 3¢-end of the aminoacyl acceptor stem of mt-tRNA Ser(AGY) , whereas a fifth 'probably pathogenic' MTTS2 mutation, m.12207G4A, has been identified within the 5¢ end of this stem. 9 This clustering of mutations within MTTS2 suggests that an intact aminoacyl acceptor stem is of crucial importance for maintaining the unusual secondary structure of mt-tRNA Ser(AGY) , which lacks a DHU loop, and for preserving the correct function of the molecule. Although these pathogenic MTTS2 mutations are associated with a variety of clinical presentations including diabetes mellitus, myopathy, neurodevelopmental delay, encephalopathy and seizures, it is interesting to note that all four are also linked to deafness, [6] [7] [8] and, like the vast majority of deafness-associated mt-tRNA mutations, 33 both m.12264C4T and m.12261T4C were shown here to exhibit a high threshold for pathogenicity. Two additional MTTS2 sequence variants have also been linked to auditory symptoms; m.12236G4A has been associated with hearing loss 10 and m.12224C4T, associated with haplogroup D4, has been found to modulate the penetrance of hearing loss associated with the MT-RNR1 mutation, m.1555A4G. 34 Similar to MTTS1, 35 the MTTS2 gene is emerging as an important hot spot for deafness-associated mutations. Notably, this is also the second report of an association between MTTS2 mutation and retinitis pigmentosa.
The specific phenotypic manifestation of MTTS mutations in the cochlea is intriguing and thus far remains unexplained. Several hypotheses have been proposed. One possibility may be a cochleaspecific reduction in the transcription of MTTS genes, thereby rendering them more susceptible to mutations than other mitochondrial genes. 35 Alternatively, Fischel-Ghodsian et al 36 have hypothesised that cochlea-specific isoforms or splice-variants of mitochondrial RNA-processing or translation proteins may be particularly sensitive to mutant mt-tRNAs, with resulting quantitative of qualitative modifications to the protein products. The inaccessibility of the cochlea, for in vivo sampling, will make it difficult to prove either of these hypotheses.
In summary, our data confirm the pathogenicity of two novel MTTS2 substitutions and extend both the clinical phenotype and genetic aetiology of mitochondrial respiratory chain disease, highlighting the emergence of MTTS2 mutations as an important cause of auditory impairment and retinitis pigmentosa.
